Alterations in body composition are present in patients with heart disease and congestive heart failure, and additional changes occur acutely after corrective surgery. The reversibility and time course of reversion to normal body composition have not been demonstrated. Nine patients were studied preoperatively and 2 to 4 weeks and 6 to 12 mo postoperatively. Measurements were made, using the isotope-dilution technic, of the volumes of total body water, extracellular water, plasma, and red cells, and of the amounts of total exchangeable sodium and potassium. Values were derived for body fat, indices of body cell mass, and the intracellular and extracellular distribution of water and potassium. Significant changes (P < 0.05) occurring 2 to 4 weeks after operation were increased in total body water (8.2%), intracellular water (15.0%), exchangeable sodium (7.1%), and intracellular potassium content (7.7%), and decrease in body weight (4.6%) and body fat (21.6%); 6 to 12 mo postoperatively there was increase in exchangeable potassium (6.8%), body weight (7.8%), and decrease in exchangeable sodium (16.1%), extracellular fluid (7.8%), plasma (8.0%), and the ratio of exchangeable sodium to exchangeable potassium (23.6%). Late postoperative values were similar to predicted normal values and indicate that postoperative recovery from valvular replacement in these patients is accompanied by resolution of most of the body compositional abnormalities of heart failure.
potassium. Average intracellular potassium concentration is reduced when studied by isotope-dilution methods, as is the potassium content of muscle biopsy specimens. [5] [6] [7] [8] [9] Medical treatment of acute congestive heart failure reduces the volume of body water, predominantly the extracellular phase, and reduces total exchangeable sodium.'0-'2 Presumably these alterations of body composition are related to the hemodynamic abnormalities present in these patients.
Open intracardiac correction of valvular defects results in additional acute changes in body composition. Increased volumes of extracellular and interstitial fluid are accompanied by increased total exchangeable sodium. Plasma volume is reduced as are total exchangeable potassium and intracellular potassium concentration. '3-'6 These changes are the result of events in the operating room and are probably related primarily to the technic of cardiopulmonary bypass. Two weeks postoperatively, some of the alterations produced by operation return toward preoperative values but remain significantly different from normal values. 17 Chronic changes in body composition resulting after recovery from the effects of open intracardiac repair of valvular defects are the subject of this paper. Such changes are probably the result of correction of hemodynamic abnormalities and are probably exclusive of alterations induced during the intraoperative period. Some insight into the time course of recovery is given by data obtained 2 to 4 weeks postoperatively.
Methods
Nine patients were studied preoperatively within 1 week of operation and again between 2 and 4 weeks and 6 and 12 mo postoperatively. Their ages ranged from 32 to 67 years and each had a history of chronic congestive heart failure medically controlled with digitalis and diuretic therapy. Edema was not clinically detectable in any patient during each of the study periods. The mitral valve was replaced in two patients, aortic valve in four, and mitral and aortic valves in two. One patient underwent repair of an ostium secundum type atrial septal defect. All patients were considerably symptomatically improved by operation and postoperatively were free of hemodynamically significant valvular defects.
This clinical impression was confirmed by cardiac catheterization data obtained in five of the nine patients.
Operative procedures were performed using extracorporeal circulation which was established with a rotating disc oxygenator primed with whole blood diluted to a hematocrit of about 0.30. The perfusate had the following concentrations: Na+ 138 mEq/L, K+ 3.1 mEq/L, glucose 1,060 mg %, osmolality 320 mOsm/L. Postoperative administration of blood was directed primarily by left atrial and systemic pressures.'8 Postoperative intravenous fluid therapy contained potassium (10-20 mEq/sq m/24 hr) and no sodium. Oral intake was resumed within 48 hours after operation and consisted of a diet withiout fluid restriction but limiting sodium intake to about 20 mEq/day. This was continued for 6 weeks before allowing resumption of unrestricted dietary intake. Postoperatively, patients 2, 3, and 9 continued taking digitalis, and patient 9 also required persistent thiazide diuretic therapy.
Standard isotope-dilution technics were sequentially employed over a 4-day period to measure the volumes of total body water, extracellular fluid, plasma, and red cells, and total exchangeable sodium and potassium. Complete details have previously been presented. 13 The volumes of total body water (TBW) and extracellular water (ECF) were simultaneously measured during a fasting state from blood samples obtained following injection of tritiated water and Na82Br 12 hours earlier. ECF was calculated from the bromide space using the formula of McMurrey and associates. 19 Plasma volume (PV) and red cell mass (RCM) were measured using radioiodinated serum albumin (1251) and radiochromated red blood cells (51Cr) as the respective indicators,20 21 from blood samples obtained 20 min after injection. Exchangeable sodium (Nae) was measured from serum samples obtained 24 hours after injection of 24NaCl, and separation from 82Br was accomplished by use of an equation incorporating differential rates of decay. Exchangeable potassium (Ke) was measured from urine samples obtained 24 to 26, 26 to 28, and 28 to 30 hours after intravenous injection of 42KCI. A deep well scintillation counter modified by replacement of the sodium iodide crystal with a plastic scintillation crystal allowed greater than 99% separation of 42K from 24Na and 82Br.
Serum sodium and potassium concentrations
were measured with a flame photometer, from the same serum samples used for determination of exchangeable sodium. A refractometer and conversion tables were used to determine the percentage of serum which was water. 22 Concentrations of sodium (Na)8, and potassium (K)s, in mEq/L of serum water were found by dividing their concentration in serum by the concentration of water in serum. Osmolality was determined from these samples by the method of freezing point depression. The volume of interstitial water (ECF-PV) was calculated as the difference between the volumes of extracellular water and plasma, intracellular fluid volume (ICW), from TBW -ECF, and total blood volume (TBV), from PV + RCM. The amount of sodium and potassium in extracellular water was calculated using a factor for each patient to correct plasma concentrations of sodium and potassium for plasma water and the Gibbs-Donnan effect. Total intracellular potassium (K1,) equals Keextracellular K. The average concentration of potassium intracellularly (K)i, was calculated from Ki./ICW. Fat-free body weight (FFB) Circulation, Volume XLII, December 1970 *1000 was obtained from TBW/0.732, body fat from body weight (kg) -FFB and fat-free solids (FFS) from FFB -TBW.
Results were analyzed using standard statistical equations.23 Postoperative values were compared with those obtained preoperatively using the method of paired difference analysis. Comparison was similarly made with predicted values obtained for normal individuals of the same age, weight, and sex from the equations of Moore and associates.2 Regression equations were calculated, assuming a linear relationship, using the method of least squares.
Results
Tables 1 and 2 present complete data for the nine patients at each study interval. Variation in the weight of each subject precluded valid comparison of absolute values obtained for body compositional variables. Therefore, conversion of the variables to units per kilogram of body weight was made to allow more meaningful comparison. Only the means and standard deviations of these "normalized" data are presented.
Comparison with Normal Composition
Comparison of data obtained preoperatively and in the new and presumably steady state 6 to 12 mo after operation was made with predicted normal values, using the age and weight of each patient at the time of respective measurements (table 3) . Preoperatively, Nae was increased above predicted normal values in seven of nine patients, the mean increase being 3.98 mEq/kg or 9.9% (P <0.05). Ke was decreased from predicted values in each case, a mean of 8.24 mEq/kg or 19.8% (P < 0.001). Average intracellular potassium concentration was low and a mean value of 127 mEq/L was obtained for the group. Differences in TBW were not statistically significant. PV and RCM were not significantly altered for the group, although individual variations were large.
Derived compositional values were also altered from normal preoperatively. The ratio ICW/TBW expresses the predominance of the cell in the aqueous phase of the body, and for a healthy adult it is 55%. Wide variations may occur, partly from the fact that ICW was not independently measured but derived from Postoperative changes in body composition values, converted to mEq or L/kg, are shown in tables 4 and 5. Two to 4 weeks after operation, when the patient was in an unsteady state which was the result of the heart disease present preoperatively, the operation, and partial recovery, weight was decreased in eight of nine patients. A mean change of 3.1 kg or 4.6% was found (P<0.01). Calculated body fat decreased in each subject, the mean decrease being 4.7 kg (P <0.001). Absolute values for Nae were increased in six of nine patients, but when normalized for body weight an increase was observed in each patient. The mean increase was 3.16 mEq/kg or 7.1% (P < 0.01). Absolute values for Ke were increased in five of nine patients but comparison of normalized data showed no statistically significant increase. Intracellular potassium content increased 2.21 mEq/kg or 7.7% (P <0.05). Average intracellular potassium concentration decreased insignificantly. TBW increased in seven of nine patients and when normalized an increase was noted in each patient. The mean change was 0.041 L/kg or 8.2% (P<0.001). Total extracellular fluid and interstitial fluid did not change significantly. The mean postoperative Six to 12 mo postoperatively weight increased in each patient ranging from 1.1 to 9.0 kg over preoperative values. A mean increase of 5.2 kg or 7.8% was observed (P< 0.001). Calculated body fat, however, was not statistically significantly different from preoperative values. Nae was decreased in each subject, the mean value for decrease being 7.42 mEq/kg or 16.1% (P<0.001). Ke increased 2.27 mEq/kg or 6.8% (P < 0.05) and Ki, 2.59 mEq/kg or 8.0% (P < 0.05). The mean value for average intracellular potassium concentration was not significantly different from that obtained preoperatively. One patient reduced her calculated intracellular potassium concentration 26 mEq/L, and it is interesting that only this patient required persistent postoperative diuretic therapy. The mean values of TBW changed insignificantly. ECF, however, decreased 0.023 L/kg or 7.8% (P < 0.05). PV was decreased in seven of nine patients, the mean change being 0.004 L/kg or 8.0% (P < 0.01). ICW, ECF-PV, RCM, and TBV were not statistically significantly different from preoperative values. The ratio Nae/ Ke decreased in each patient from a preoperative mean of 1.37 to 1.05 late postoperatively (P < 0.01). K5/FFS increased in eight of nine patients and a mean increase of 15.8 mEq/kg or 9.0% was obtained for the group (P<0.05). Serum sodium and potassium concentrations and serum osmolality were within normal limits at each study interval.
Correlations
Correlations among the data are shown in table 6 . Cation space, Nae+ Ke , correlated well with total body water at each study period and coefficients of 0.995, 0.995, and 0.991 were obtained. The slopes of the respective regression equations were very close to 1, reflecting osmotic equilibrium throughout the distribution of body cation. Nae and the volume of ECF were significantly related with correlation coefficients of 0.927, 0.762, and 0.977 at respective periods of measurement. Decreased correlation 2 to 4 weeks postoperatively was related to data obtained from patient 2 in whom Nae increased 442 mEq, while ECF decreased 3.24 L and serum sodium concentration did not change. Cation space increased 1.7 L, and TBW increased 3.46 L in this individual. This may represent intracellular movement of sodium, replacing the fall in (T)ic of 31 mEq/L. Ke and the volume of ICF were highly correlated with respective coefficients of 0.951, 0.919, and 0.963 being obtained.
Discussion
The technic of isotope dilution has wellrecognized limitations. A primary requirement of this technic is uniform mixing, and valid comparison of spatial distribution demands sampling after equilibration has been reached. Equilibrium has been defined as the time when concentration changes are very gradual in relation to the interval between sampling times.25 Moore and associates2 have demonstrated altered isotope equilibrium in patients with congestive heart failure and other edematous states. In addition, operative procedures have been shown to influence plasma disappearance curves when Na82Br and Na235 SO4 are used to measure the volume Circulation, Volume XLII, December 1970 of extracellular water.14' 26 The equilibration times used in this study for radioiodinated serum albumin, 51Cr, 82Br, tritiated water, and 42K have been determined to be adequate under the circumstances pertaining in the present study, by previous studies from this laboratory.2-29 The significant correlations between total exchangeable sodium and the volume of extracellular fluid, and cation space and volume of total body water which were obtained in this study lend confidence to the independent measurement of these variables. Yet, it is clearly recognized that values derived from isotope-dilution data are subject to large errors.
Our patients were free of clinical edema at the time of each study, but all had histories of edema controlled preoperatively with digitalis and diuretic therapy. Comparison of the data obtained preoperatively with predicted normal values shows increased volumes of extracellular and interstitial fluid, increased total exchangeable sodium, and reduced total exchangeable potassium. Average intracellular potassium concentrations were low and the preoperative mean of 127 mEq/L compares with values obtained by Moore and associates2 of 130 and 149 mEq/L for females and males with edematous heart disease. Similar mean values ranging from 116 to 145 mEq/L have been obtained by muscle biopsy technics in patients with edematous heart disease. [5] [6] [7] [8] Reduced intracellular concentrations of potassium may result from intrinsic cellular disorders produced by an abnormal hemodynamic state. Diuretic therapy may further augment depletion of body potassium as suggested by Lockey and associates30 for patients with heart disease, and by Bergstrom and Hultman3' for normal subjects. Alterations in the ratios ICW/TBW, Ke/FFS, and Nae/Ke suggest depletion of body cell mass in these patients with chronic heart failure.
In the presumably unsteady state existing 2 to 4 weeks after operation, body weight was decreased, but total body water was increased. This is similar to discrepancies between water loss and weight loss which have been found following medical therapy for congestive heart failure.32 3 In addition, patients usually lose weight after general surgical procedures related to a state of negative nitrogen balance.34 Calculated body fat was reduced in each patient studied and since this value is derived from body weight and total body water and a factor, its magnitude was necessarily greater than the change in weight. Total exchangeable sodium was increased 2 to 4 weeks postoperatively, as was the volume of intracellular water. Extracellular fluid volume tended to increase, but statistical significance was not achieved. Intracellular potassium content was increased 7.7%, a magnitude similar to the increase observed in total exchangeable sodium. Strict interpretation of these changes suggests intracellular movement of sodium with cellular swelling at this time. The data, however, are not sufficient to justify this conclusion.
Six to 12 mo postoperatively, when presumably a new steady state had been reached, weight increased while the volume of total body water remained unchanged. Body fat was similar to preoperative values and total exchangeable potassium increased. The ratio Nae/Ke of 1.05 was statistically significantly different from the preoperative value of 1.37. This and the increase of Ke/FFS reflects increased body cell mass. Total exchangeable sodium decreased 16 .1%, while the volume of extracellular fluid was reduced 7.8% and intracellular fluid volume remained unchanged. This represents a larger loss of sodium than would be expected from the change in extracellular fluid volume and probably represents loss of sodium from the intracellular compartment. The movement of sodium into, and potassium out of cells is suggested by the studies of heart failure by Flear and Crampton.35 Presumably hemodynamic recovery would result in opposite changes. Plasma volume was reduced 8% for the group, which is similar to the change in extracellular fluid volume. This probably indicates increased preoperative plasma volumes for these patients despite insignificant differences when comparison was made with predicted normal preoperative values. Late postoperative values were insignificantly different from predicted normal values except for total exchangeable potassium and values derived from this measurement.
These data indicate that the body compositional abnormalities present in patients with valvular heart disease and congestive heart failure can be reversed by corrective intracardiac operations. This study on a selected group of patients does not indicate the incidence of failure of reversal of compositional changes postoperatively, but clinical experience indicates that such failure occurs occasionally. Present information suggests that the failure results from failure of the circulation to return toward normal, rather than irreversible changes in the function of other organs and systems. The disappearance of the compositional abnormalities of chronic heart failure in the patients studied can be largely explained by (1) increased sodiumexcreting performance by the kidneys, and (2) increased body cell mass and increased activity of the cellular mechanisms for maintaining normal intracellular cation concentration. The return toward normal of the latter in most patients and its failure to do so in some probably relate to the presence or absence of increased systemic blood flow after operation. The former, the sodium-excreting performance of the kidney, has been shown by a previous study not to return to normal in a few patients after operation. Failure to do so has been a poor prognostic sign.36 Sodiumexcreting ability postoperatively has not correlated directly with cardiac output.
Probably the return toward normal of this function is dependent upon increased "arterial filling or pressure or blood flow to some sensitive organ or region."37 water to surgical patients. Alabama J Med 
